THE ROLE of the renal interstitial fluid compartment has received considerable attention in recent vears. For instance, it has been implicated in the regulation of renal blood flow either directly (20, 2 1) or through a myogenic mechanism (25, 27, 39, 40). It has also been suggested that changes in interstitial fluid pressure or volume in some manner might contribute to the diuretic responses that occur following a) infusions of electrolyte solutions (5, 7, 23, 24), b) intraarterial infusions of vasodilator substances ( 1, 6), c) increases in arterial pressure (2, 3, 22, 32), d) obstruction of the lymphatics (37), e) renal vein constriction (38), and f) decreases in peritubular oncotic pressure (23, 33). Yet, there is still much uncertainty concerning not only the actual value of the renal interstitial fluid pressure and its behavior under various conditions, but also even confusion about the types and significance of the different pressures existing in the inters titium. Guyton ( 14, 17) and others have suggested that there are actually three types of pressures acting in tissue spaces.
First, there is the interstitial fluid pressure which is the pressure exerted by the fluid in the interstitial spaces. This is the pressure responsible for fluid movement. Second, there is the solid tissue pressure which is the pressure exerted by the solid and semisolid elements at their points of contact. This is the pressure responsible for deformation of tissues. Third, there is the total tissue pressure which is an algebraic sum of the interstitial fluid pressure plus the solid tissue pressure acting on a surface area. This is the pressure that tends to displace membranes, such as to collapse blood vessels or tubules. Since the solid tissue pressure is exerted only where the solid elements are in contact and the fluid pressure is exerted only where the fluid is in contact with a surface, the relationship between interstitial fluid pressure, solid tissue pressure, and total tissue pressure can be represented by the following ( 17) :
total tissue pressure at any area = (solid tissue pressure) X (portion of area over which solid pressure is exerted) + (interstitial fluid pressure) X (portion of area over which fluid pressure is exerted) From the above relationship it can be seen that if the interstitial fluid pressure increases and the solid elements are pushed apart, then the total tissue pressure will approach the interstitial fluid pressure because the area of contact between the solid elements will approach zero. On the other hand, if the fluid pressure is decreased or goes negative, then the solid elements are pulled together more closely and the solid tissue pressure will increase. It can also be seen from the above relationship that any attempt to measure interstitial fluid pressure which allows solid tissue pressure to be a factor will yield a value which is too high because the interstitial fluid pressure and the solid tissue pressure are additive.
These relationships are discussed at length in other publications ( 14, 17 shows the effect of a l-p1 injection followed by a l-cl1 withdrawal of sterile isotonic saline. It can be seen that in both cases the initial pressure change caused by the fluid slowly returned to the base-line pressure. This was interpreted to indicate that the capsule was in contact with the surrounding interstitial fluid and the tube was not occluded. It has been suggested that these responses do not represent contact with the interstitium but actually represent mechanical distortion and subsequent hydrostatic fluid displacement within the tissues (34). This is precisely what they show; however, without free fluid flow to the interstitium, the pressure would not return to base line following the initial fluid displacement. In our capsules which were completely filled with tissue and had no internal cavity, the pressure change caused by the fluid displacement did not return to the base line. This indicated that the tube was occluded or the capsule fluid was not continuous with the interstitium and the results were discarded. The acute experiments were performed between 20 and 80 days following capsule implantation.
The animal was again anesthetized with 30 mg/kg sodium pentobarbital, and a left flank incision was made to expose the kidney. The renal artery, renal vein, and the ureter were isolated and a gated sine wave electromagnetic flow transducer was placed on the renal artery adjacent to the aorta. A Biotronics flowmeter was utilized with the output recorded on a Grass recorder. A variable occluder was placed on the renal artery just distal to the flow probe, and a 20-gauge Teflon B-D angiocath was inserted into the renal artery distal to the occluder to measure renal arterial pressure. Care was taken in placing the angiocath into the renal artery to assure that renal blood flow was not compromised. Efect of ureteral @-es-sure changes on interstitial &id pressure.
The ureteral pressure (UP) was altered and maintained at an elevated pressure by connecting the ureteral catheter to a drop sensor and raising the drop sensor above the animal to establish the desired hydrostatic pressure. When the ureteral pressure, urine output, renal blood flow, and capsule pressure had reached steady states, the results were recorded. Figure 4 shows the average results of nine experiments in which ureteral pressure was varied over a range from 0 to 45 Efect of mannitol infusion on interstitial fluid pressure. Five animals were given an infusion of 100-200 ml of 1 .O M mannitol solution at a rate of 2-10 ml/min. Figure 5 shows a typical response of renal interstitial fluid pressure and urine output to the mannitol.
As the mannitol solution was infused the capsule pressure and urine flow increased in every experiment.
In It has been suggested that both the needle pressure method and the small pipette ( 100 ,u) technique can yield values indicative of the renal interstitial fluid pressure (9, 10, 20, 36). These values have ranged from 9 to 25 mm Hg with a mean value of about 14 mm Hg. However, it is unlikely that either method can be employed without resulting in at least some degree of tissue distortion.
Indeed, to obtain a satisfactory measurement using these techniques, a minute quantity of fluid often must be injected into the tissues before a stable pressure can be achieved. According to the theoretical relationships among interstitial fluid pressure, solid tissue pressure, and total tissue pressure, when the solid elements of the tissue are separated as a result of fluid injection, the solid tissue pressure falls to zero, and the fluid pressure then measured has risen to equal total tissue pressure (17) rather than normal interstitial fluid pressure. Also, because of the highly vascular nature of the kidney, damage to the capillaries and tubules is extremely difficult to avoid (36), and this can give erroneous values.
It has been suggested, too, that the intrarenal venous pressure can be used as an estimate of the renal tissue pressure (9, 11, 20). Pressures measured in this way agree well with those measured by the needle and especially well with those measured by the small pipette ( 10, 12). However, the intravascular pressure must theoretically be at least as great as the total tissue pressure (the algebraic sum of interstitial fluid pressure and solid tissue pressure). Otherwise the vessel would become totally occluded because of the well-known Starling resistor effect. Finally, renal tissue pressure has been estimated by raising either the ureteral or venous pressure until renal blood flow begins to decrease (20, 2 1) was an animal with two functioning capsules which had been implanted for 3.5 weeks. The pressure measured from these capsules was 2.5 and 3.5 mm Hg. The capsule in which the pressure measured 2.5 mm Hg was removed from the kidney leaving approximately 2 mm of tissue surrounding the capsule and catheter. It was placed in the bottom of a graduated cylinder and covered with isotonic saline. The capsule pressure was measured in the normal manner.
A reference transducer was used to monitor the hydrostatic pressure in the graduated cylinder. Isotonic saline could be added or removed from the graduated cylinder to change the hydrostatic pressure and the response of the capsule noted. The pressure changes measured from the capsule were within the limits of transducer error at these small pressure levels ( & 10 %). At the average pressure of 6 mm Hg obtained in this study, this means the pressure measured from the capsule should agree within 0.6 mm Hg with the hydrostatic pressure exerted by the interstitial fluid.
The most critical part of this test was the addition of 5 ml of concentrated albumin to the saline (Travenol-normal salt-poor human serum). The addition of the 5 ml concentrated albumin solution had a twofold effect on the fluid in the graduated cylinder. First, it increased the hydrostatic pressure by raising the level of fluid in the cylinder.
Second, it increased the oncotic pressure of the fluid in the cylinder by 20 mm Hg. The capsule pressure could then behave in two ways. If the capsule were measuring hydrostatic pressure, the capsule pressure would increase to match the increase in hydrostatic pressure. If the capsule should behave as if it had an impermeable membrane, the pressure within the capsule would decrease due to the removal of fluid from the capsule by the osmotic effects of the albumin outside the capsule. Within 3 min the pressure measured from the capsule had risen to match the increase in hydrostatic pressure caused by the addition of fluid to the graduated cylinder. The capsule was opened and found to have a 3 x 7 mm cavity in the center which was filled with fluid. This experiment was repeated using a capsule from another animal which had been implanted for 2.5 weeks and gave identical results. The results indicate that the capsule is very capable of measuring changes in hydrostatic pressure and is not responsive to changes in the oncotic pressure of the fluid surrounding the capsule. Use of the implanted capsule technique to estimate renal interstitial fluid pressure in the kidney is, however, not without several possible errors. Because of the small size of the capsule, its internal cavity fills with connective tissue more rapidly than occurs in standard capsules used in other tissues ( 15). In previous studies, it has been demonstrated that a minimum of 4 weeks is required before steadystate pressures can be obtained from the standard capsule ( 15, 26). Measurements taken before that time have usually read higher than the final steady-state measurements ( 15, 26). In this study the number of capsules that were responsive beyond the 4-week period was fewer than is usually the case.
Another problem involved in the use of these small capsules has been that some capsules became filled with a gel-like substance even while the capsule still seemed to be responsive. Previous studies have demonstrated that when gel is present in the capsules, pressure measurements are a few millimeters Hg higher than those made from capsules containing free fluid ( 14, 17). For either one or both of the above reasons, it is possible that the capsule pressure measurements reported in this study may overestimate the true renal interstitial fluid pressure. On the other hand, it is very unlikely that the renal interstitial fluid pressure could be higher than the capsule pressure measurements because of the free communication of fluid between the intracapsule cavity and the surrounding tissue spaces. Therefore, it seems reasonable to believe that the normal renal interstitial fluid pressure is much lower than the average of 14 mm Hg suggested in the past. Our measured values have averaged 6 mm Hg. Even this pressure is perhaps too high, though almost certainly not too low. The most important findings may be, however, that the true renal interstitial fluid pressure is lower than values previously reported and that it is not necessarily equal to peritubular capillary pressure or proximal tubular pressure any more than interstitial fluid pressure in other parts of the body is equal to capillary or even venous pressure.
The acute experiments showed that alterations in arterial, venous, and ureteral pressure all cause significant changes in renal interstitial fluid pressure. In spite of mechanisms responsible for autoregulation of renal blood flow and glomerular filtration rate, there are still small, yet significant effects on renal interstitial fluid pressure caused by alterations in renal arterial pressure. Several investigators have suggested that changes in the renal arterial pressure in some way affect the net rate of fluid and sodium reabsorption from the tubules (2-4, 22, 32). Specifically, Bank and colleagues (2, 3, 22) have given detailed consideration to the possibility that diuretic responses observed consequent to increased arterial pressure are perhaps largely related to the changes in renal "tissue" pressure. Although no distinction among the types of tissue pressure was made, it is assumed that renal interstitial fluid pressure was inferred since this is the pressure responsible for fluid movement in the interstitium. This concept is supported by the results of
